The precipitation of nanoparticles plays a key role in determining the properties of many structural materials, and the understanding of their formation and stabilization mechanisms has been a long standing interest in the material field. However, the critical issues involving the group precipitation of various nanoparticles and their cooperative hardening mechanism remain elusive in the newly discovered Fe-based alloys with nanostructures. Here we quantitatively elucidate the nucleation mechanism, evolution kinetics and hardening effects of the group-precipitated nanoparticles in the Fe-Cu-Ni-Al-based alloys by atom probe tomography together with both first-principles and thermodynamic calculations. Our results provide the compelling evidence for two interesting but complex group precipitation pathways of nanoparticles, i.e., the Cu-rich and NiAl-based precipitations. The co-existence of the two precipitation pathways plays a key role in age hardening kinetics and ultimately enhances the hardening response, as compared to the single particle type of strengthening, therefore providing an effective new approach for strengthening materials for structural applications.
Results
Mechanical properties. Hardness measurements were conducted to evaluate the age response of the three types of alloys: Fe-Cu-, Fe-Ni-Al-, and Fe-Cu-Ni-Al-based alloys, the compositions of which are listed in Table 1 . The Vickers hardness of these alloys are shown in the Supplementary Fig. 1s as a function of aging time at 550 °C, and the corresponding hardness increment, ∆H, relative to the base hardness in the as-quenched condition are illustrated in Fig. 1 .
As shown in Fig. 1a , the Fe-1.5Cu-5Ni-2Al-3Mn alloy shows a dramatic increase of ~165 HV in hardness after aging for 7.5 min. and a further increase of ~20 HV after aging for 30 min., followed by a slight decrease due to an over-aging effect. The hardness of the Fe-5Ni-2Al-3Mn alloy also increases rapidly by ~130 HV after aging for 7.5 min., while that of the Fe-1.5Cu alloy only increases slightly by ~50 HV after aging for 7.5 min., indicating that the age hardening response of the Fe-1.5Cu alloy is much lower than that of the Fe-5Ni-2Al-3Mn and Fe-1.5Cu-5Ni-2Al-3Mn alloys.
The Fe-2.5Cu and Fe-2.5Cu-1.5Ni-0.5Al-1.5Mn alloys exhibit a similar increase in hardness within the first 7.5 min. aging period, but the hardness increment of the Fe-2.5Cu-1.5Ni-0.5Al-1.5Mn multi-component alloy is slightly higher than that of the Fe-2.5Cu binary alloy during aging from 7.5 to 480 min., as illustrated in Fig. 1b . The Fe-1.5Ni-0.5Al-1.5Mn alloy shows no appreciable changes in hardness within the 480 min. aging period, indicating that precipitation hardening does not occur in this low-Ni and low-Al alloy.
For the Fe-5Ni-1Al-3Mn alloy (Fig. 1c) , the hardness increment during the first 7.5 min. shows a similar trend as observed for the Fe-2.5Cu alloy, indicating that the two alloys has a similar age hardening kinetic at the early stage of age hardening. With a combination of 2.5% Cu with 5%Ni, 1% Al and 3% Mn, the multi-component Fe-based alloy shows an even faster increase in the rate of age hardening, achieving a hardness increment of ~180 HV in the 7.5 min. condition.
The above hardness measurements demonstrate that the alloying additions of Cu, Ni and Al play an important role in determining not only the hardening response but also the age hardening kinetics. In the subsequent sections, we will focus our efforts on the mechanistic understanding of the synergistic alloying effects on the nanoscale group precipitation and age hardening in these Fe-Cu-Ni-Al-Mn alloys.
APT characterization of the precipitation microstructures. To attain precise information about the nanoscale precipitation process, APT investigations were performed on these Fe-Cu-Ni-Al-based alloys in different aging conditions. The 10 at.% Cu concentration and 20 at.% (Ni + Al) concentration isosurfaces are used Table 1 . Alloy compositions of the Fe-Cu-, Fe-Ni-Al-and Fe-Cu-Ni-Al-based alloys (wt.%).
to visualize and identify the Cu-rich and NiAl-based particles, respectively. In the Fe-2.5Cu-1.5Ni-0.5Al-1.5Mn alloy (Fig. 2a) , no NiAl-based nanoparticles can be observed, and only Cu-rich nanoparticle are detected in the 2 h aged condition. The average radius and number density of the Cu-rich nanoparticles are 1.40 ± 0.65 nm and 5.9 × 10 23 m −3
, respectively. The Cu-rich nanoparticles consist mainly of Cu (~84.23 ± 0.87 at.%) but also contain certain amounts of Ni (~3.79 ± 0.23 at.%) and Al (~3.87 ± 0.24 at.%).
In contrast, in the Fe-1.5Cu-5Ni-2Al-3Mn alloy (Fig. 2b) , a large number density of NiAl-based nanoparticles and a limited number density of Cu-rich nanoparticles are detected in the 7.5 min. condition. The number density of NiAl-based nanoparticles (3.7 × 10 24 m −3
) is approximately an order of magnitude higher than that of Cu-rich nanoparticles (4.3 × 10 23 m −3 ), indicating that the NiAl nanoparticles first come out of the solid solution in the (a) Fe-1.5Cu, Fe-5Ni-2Al-3Mn, and Fe-1.5Cu-5Ni-2Al-3Mn alloys; (b) Fe-2.5Cu, Fe-1.5Ni-0.5Al-1.5Mn, and Fe-2.5Cu-1.5Ni-0.5Al-1.5Mn alloys; (c) Fe-2.5Cu, Fe-5Ni-1Al-3Mn, and Fe-2.5Cu-5Ni-1Al-3Mn alloys. In comparison, in the Fe-2.5Cu-5Ni-1Al-3Mn alloy, a high number density of both Cu-rich and NiAl-based nanoparticles are detected readily in the aged specimens. This alloy was selected as an example to study the morphological and compositional evolution of the two types of nanoparticles in different aging conditions. The nanostructures of the Cu-rich and NiAl-based nanoparticles in the Fe-2.5Cu-5Ni-1Al-3Mn alloy after aging for 7.5, 30, and 120 min. are shown in Fig. 2c -e. It is interesting to find that the majority of the Cu-rich and NiAl-based nanoparticles are co-precipitated with each other, and only a small number of Cu-rich and NiAl-based nanoparticles are isolated particles with no other type of nanoparticles associated with them. The isolated Cu-rich and NiAl-based nanoparticles with small sizes are labeled by blue and red arrows, respectively, in Fig. 2c . In the 120 min. condition, a ~8 nm NiAl-based particle is neighboring to two Cu-rich particles, the left with a size of ~6 nm and the right of ~2 nm, as illustrated in the circled area in Fig. 2e . The enlarged view of the whole structure of the three particles is displayed in Fig. 2f , and the 1-nm-thick atom map for Ni, Al and Cu atoms through the (a-e) Cu-rich and NiAl-based nanoparticles in different aging conditions: a, Fe-2.5Cu-1.5Ni-0.5Al-1.5Mn alloy, 120 min.; (b) Fe-1.5Cu-5Ni-2Al-3Mn alloy, 7.5 min.; (c) Fe-2.5Cu-5Ni-1Al-3Mn alloy, 7.5 min.; (d) Fe-2.5Cu-5Ni-1Al-3Mn alloy, 30 min.; (e) Fe-2.5Cu-5Ni-1Al-3Mn alloy, 120 min. (f) Enlarged view of the red dashed section in (e,g) 1-nm-thick atom maps showing the Cu, Ni and Al atoms through the center of the Cu/NiAl co-precipitates in (f). For interpretation of the references to color in this figure, the reader is referred to the web version of this article.
center of the three particles are shown in Fig. 2g , in which the relative positions and extents of the Al (cyan), Ni (red) and Cu (green) atoms are indicated. The distinction between the coarse Cu-rich and NiAl-based particles is clear from the isoconcentration surface, but the fine Cu-rich particle (the right-upper one labeled by the green arrow) is largely overlapped with the NiAl-based particle. The fine Cu-rich particle contains a relatively lower amount of Cu but a higher amount of Ni and Al, as compared with the coarse one. Considering the relatively small size and low Cu content in it, the fine Cu-rich particle is likely to be a newly formed nanoparticle.
The size distributions of the Cu-rich and NiAl-based nanoparticles in different aging conditions are shown in Fig. 3 . As the aging time increases, the size distribution of both the Cu-rich and NiAl-based nanoparticles becomes wider and shifts to slightly larger particle sizes. The statistical information, including the average particle radius and number density, as a function of aging time is summarized in Table 2 . In the 7.5 min. condition, the Cu-rich and NiAl-based nanoparticles exhibit a similar particle size and number density. The average radius and number density of the Cu-rich nanoparticles are ~1.28 ± 0.38 nm and ~1.4 × 10 24 m −3 , respectively, and that of the NiAl-based nanoparticles are ~1.27 ± 0.41 nm and ~1.4 × 10 24 m −3 , respectively. As the aging time increases to 30 min., a slight increase in average radius and a slight decrease in number density are observed in both types of nanoparticles. The average radii of the Cu-rich and NiAl-based nanoparticles increase to ~2.24 ± 0.66 and ~2.59 ± 0.75 nm, respectively, while their number densities decrease to ~4.2 × 10 23 and ~4.7 × 10 23 m −3 , respectively. With a further increasing aging time to 120 min., the Cu-rich and NiAl-based nanoparticles coarsen significantly, and the low number densities of the coarse particles in the long-term aged condition result in a small number of particles in similar volumes of analysis. For a qualitative understanding of the precipitation microstructure in the 120 min. condition, the average radius and number density of the Cu-rich nanoparticles are estimated to be ~2. 23 Compositional evolution of the Cu-rich and NiAl-based nanoparticles. The quantification of the solute partitioning between the nanoparticles and the matrix was determined from proximity histograms 33 , in which the compositional information with respect to the distance from the particle/matrix interface is presented. The proximity histograms of the Cu-rich particles in Fe-2.5Cu-5Ni-1Al-3Mn alloy after aging for 7.5, 30 and 120 min. are illustrated in Fig. 4a , which are the average of the individual proximity histograms for all the Cu-rich particles in the data. The quantitative composition analysis of all the Cu-rich particles from the proximity histograms is summarized in Fig. 4b . In all three aging conditions, the enrichment of Cu change monotonically towards the center of the Cu-rich particles, whereas Ni and Al exhibit a local enrichment at the Cu-rich particle/ matrix interface. After 7.5 min., the Cu-rich particles are enriched in Cu (59.69 ± 3.02 at.%) but also contain significant amounts of Fe (18.94 ± 2.33 at.%), Ni (8.90 ± 1.13 at.%), Al (7.54 ± 2.49 at.%), and Mn (4.93 ± 0.92 at.%). As the aging time increases, the Cu concentration in the Cu-rich particles increases to 83.11 ± 5.10 at.% at 30 min. and achieves a value of 92.00 ± 2.97 at.% at 120 min., whereas the concentrations of Ni and Al decrease continuously in the Cu-rich particles, reaching values of 0.39 ± 0.33 at.% and 0.78 ± 0.73 at.%, respectively, at 120 min. Meanwhile, the degree of the interfacial segregation of Ni and Al increases significantly with aging time, from 15.64 ± 0.11 at.% Ni and 9.92 ± 0.09 at.% Al at 7.5 min. to 24.51 ± 0.46 at.% Ni and 13.86 ± 0.37 at.% Al at 120 min. In the 7.5 min. condition, the concentration peak of Ni (16.62 ± 0.20 at.%) is located at a distance of 0.35 nm, whereas that of Al (12.53 ± 0.24 at.%) is observed more close to the particle center at a distance of 0.75 nm. In the 120 min. condition, a pronounced enrichment of Ni and Al is observed at almost the same location, close to the Cu-rich particle/matrix interface.
The proximity histograms of the NiAl-based particles in Fe-2.5Cu-5Ni-1Al-3Mn alloy after aging for 7.5, 30 and 120 min. are illustrated in Fig. 4c , which are the average of the individual proximity histograms for all the NiAl-based particles in the data. The quantitative composition analysis of all the NiAl-based particles from the proximity histograms is summarized in Fig. 4d . The concentration profiles of Ni and Al across the NiAl-based particle/matrix interface are increased monotonically, with the maximum occurring near the center of the NiAl-based particles, while that of Cu exhibits a non-monotonic behavior. After aging for 7.5 min., the NiAl-based particles contain 23.21 ± 2.82 at.% Ni, 19.43 ± 1.45 at.% Al, 8.60 ± 2.73 at.% Mn, 26.35 ± 4.33 at.% Cu and 22.47 ± 3.83 at.% Fe. The concentrations of Ni and Al increase to 38.56 ± 3.21 and 20.36 ± 3.35 at.%, respectively, after aging for 30 min., and further increase to 44.36 ± 3.99 and 26.12 ± 2.90 at.%, respectively, after aging for 120 min., whereas that of Cu decreases significantly with aging time, from 26.35 ± 4.33 at.% at 7.5 min. to 6.32 ± 2.01 at.% at 120 min. (by a factor of ~4). It is interesting to pointed out that the Mn concentration increases from 8.60 ± 2.73 at.% at 7.5 min. to 20.39 ± 2.44 at.% at 120 min., leading to the formation of the Ni(Al,Mn) nanoparticles. As the role of Mn in promoting the formation of the Ni(Al,Mn) nanoparticles has been discussed in detail in ref. 27 , it is not discussed repeatedly in this paper. Furthermore, at the shorter aging times (7.5 and 30 min.), no significant segregation of Cu to the NiAl-based particle/matrix interface was observed. However, after the longer aging time (120 min.), a broad concentration peak is located near the NiAl-based particle/matrix interface, where the Cu concentration (10.15 ± 0.23 at.%) is higher than that in the center of the NiAl-based particles (6.32 ± 2.01 at.%) and that in the matrix (0.28 ± 0.02 at.%).
First-principles calculations of sublattice occupancies in NiAl-based nanoparticles. Previous both experimental and computational studies had indicated that Mn preferentially occupy the Al sublattice 27, 34 , whereas Cu and Fe can go to both the Ni and Al sublattices in B2-ordered NiAl-type intermetallic alloys, depending on the specific alloy composition 35, 36 . To explore the delicate sublattice occupancy of Cu and Fe in the multi-component NiAl-based nanoparticles, the first-principles calculations were performed in the 54-atom supercells comprising 21 Ni, 10 Al, 7 Mn, 13 Cu and 3 Fe atoms, where the atomic ratios between all these elements are based on the composition of the NiAl-based particles obtained by aging at 550 °C for 30 min. analyzed by APT (38.56Ni-20.36Al-12.97Mn-22.92Cu-5.25Fe, at.%). The 54-atom supercells were constructed based on the NiAl-type BCC lattice, in which 17 Al atoms were substituted by Mn, Cu and Fe atoms randomly, and 6 Ni atoms were substituted by Cu and Fe atoms randomly according to our specific configuration. Four B2-ordered NiAl-type compositions with different substitutional sites were constructed and illustrated in Fig. 5 : (1) 10 ), in which the ratio of Cu in the Ni site to the Al site are 6:7, 5:8, 4:9 and 3:10, respectively. The formation energies of the multi-component nanoparticles with different Cu and Fe sublattice occupancies were calculated according to the following equation: is the total energies of the 54-atom supercells with different Cu and Fe sublattice occupancies, x = 7, 8, 9 and 10, representing the number of Cu atoms in the Al site of the 54-atom supercells, and μ Ni , μ Al , μ Mn , μ Cu and μ Fe are the chemical potentials of the Ni, Al, Mn, Cu and Fe elements in their ground-state elemental form, respectively. Spin-polarized calculations were performed for those with magnetic ordering. In view of the importance of configurational averting of supercells 37 , 4 configurations were calculated for each composition in order to obtain a reliable estimation. Based on the calculated total energies and chemical potentials in the 54-atom supercells, the formation energies of the four compositions with different Cu and Fe substitution sites were obtained and are shown in 
Discussion
The results presented above indicate that, upon aging, the nanoscale Cu-rich and NiAl-based nanoparticles undergo a rather complex interaction and evolution, involving the changes in both composition and morphology. For an understanding and eventually control over the complex group precipitation behavior, it is of fundamental importance to elucidate the nucleation mechanism and precipitation pathways of the two types of nanoparticles.
The nucleation behavior of the Cu-rich and NiAl-based nanoparticles in the Fe-based alloys during aging isothermally at 550 °C was analyzed first. The APT results in Fig. 2 show that the nucleation sequence of the Cu-rich and NiAl-based particles in the Fe-Cu-Ni-Al-based alloys is highly sensitive to the Cu, Ni and Al contents. In the high-Cu and low-Ni/Al alloys, such as the Fe-2.5Cu-1.5Ni-0.5Al-1.5Mn (wt.%) alloy, the Cu-rich particles nucleate first from the supersaturated solid solution (Fig. 2a) , whereas in the low-Cu and high-Ni/Al alloys, such as the Fe-1.5Cu-5Ni-2Al-3Mn (wt.%) alloy, the NiAl-based particles nucleate first from the supersaturated solid solution (Fig. 2b) . In comparison, in the Fe-2.5Cu-5Ni-1Al-3Mn alloy with both the high Cu and high Ni/Al contents, a small number of both isolated Cu-rich and NiAl-based nanoparticles with small sizes can be detected by APT at the early stage of precipitation (as labeled by blue and red arrows, respectively, in Fig. 2c ), indicating that both Cu-rich and NiAl-based particles can nucleate independently from the supersaturated solid solution in this alloy system. The extremely high number densities of particles (10 23 − 10 24 m −3 ) would indicate a homogeneous rather than heterogeneous type of precipitation simply based on the large number of nucleation sites required, which would be much larger than presented by a normal or even high dislocation density or any other heterogeneous microstructural features. The concurrent homogeneous nucleation of Cu-rich and NiAl-based particles may be attributed to relatively both the high Cu and high Ni/Al contents, which provides the thermodynamic possibility for the independent nucleation of Cu-rich and NiAl-based particles. To understand the thermodynamic origins of the concurrent formation of the Cu-rich and NiAl-based particles, thermodynamic calculations were performed to calculate the solubility of Cu and NiAl in the α -Fe, using the Thermo-Calc software with the Fe-based database (TCFE7). The equilibrium solubility of Cu in the α -Fe is estimated to be ~0.15 wt.% at 550 °C. The studied alloy contains 2.5 wt.% Cu, indicating a high chemical driving force for the Cu-rich precipitation. However, the Thermo-Calc software with the TCFE7 database cannot predict the formation of the B2-ordered NiAl phase due to the lack of a database resource. Alternatively, we experimentally evaluated the minimum Ni and Al contents required for the NiAl precipitation in the α -Fe, and our studies showed that a minimum of 2.5 wt.% Ni and 1 wt.% Al is required 26 . In the Fe-2.5Cu-5Ni-1Al-3Mn alloy, the concentrations of Ni far exceeds the minimum requirement, thus also having a high driving force for the precipitation of the NiAl phase. In addition, the hardness profiles in Fig. 1c also show that both the Fe-2.5Cu and Fe-5Ni-1Al-3Mn alloys exhibit significant age hardening responses upon aging at 550 °C, suggesting that the additions of 2.5% Cu and a combination of 5% Ni, 1% Al and 3% Mn are sufficiently high enough for the independent nucleation of Cu-rich and NiAl-based nanoparticles from the α -Fe matrix, respectively.
Next the precipitation pathways of the Cu-rich and NiAl-based nanoparticles was elucidated. It is interesting to point out that although both the Cu-rich and NiAl-based nanoparticles can form independently from the supersaturated solid solution, generically, it is more favorable for them to heterogeneously precipitate at beside the other type of pre-existing particles, both resulting in the formation of the Cu/NiAl co-precipitates. This may be an important reason for the APT observation that the majority of the Cu-rich and NiAl-based particles are co-precipitated with each other. In the following, the mechanisms of the two precipitation pathways, i.e., the Cu-rich and NiAl-based precipitation, as well as their synergistic effects on the nanoscale group precipitation behavior in Fe-based alloys will be elucidated.
First, the mechanism of the NiAl-based precipitation and its influence on the Cu-rich precipitation are discussed. As mentioned above, the Fe-2.5Cu-5Ni-1Al-3Mn alloy contains sufficient Ni and Al concentrations beyond the miscibility gap for disordered bcc-Fe and B2-ordered NiAl, which makes the independent nucleation of NiAl in the α -Fe matrix possible. Interestingly, at the early stage of precipitation, the NiAl nanoparticles are enriched not only in Ni and Al but also in Cu (~26.35 ± 4.33 at.% at 7.5 min). It is known that the lattice constant of B2-NiAl (0.2886 nm) is larger than that of the α -Fe (0.2864 nm, ~0.8%), so the formation of NiAl nanoparticles would create an elastic misfit strain at the NiAl-based particle/matrix interface 24 . In this study, our first-principles calculations reveal that Cu is energetically favorable to occupy the Al sublattice and Fe preferentially occupies the Ni sublattice, thereby forming a metastable (Ni,Fe)(Al,Mn,Cu) phase. It is known that Cu (1.28 Å) has a smaller atomic size than Al (1.43 Å), and Fe (1.22 Å) has a smaller atomic size than Ni (1.24 Å) 38 . Thus, it is interesting to point out that the sublattice occupancy of Cu on the Al site and Fe on the Ni site would decrease the lattice misfit strain between the (Ni,Fe)(Al,Mn,Cu) phase and the α -Fe matrix, thereby reducing the misfit strain energy of the (Ni,Fe)(Al,Mn,Cu) particles. In addition, the lattice parameters of the 54-atom supercells with different sublattice occupancies were also determined by the DFT simulations. The compositions from 1 to 4 (Fig. 5 ) are determined to be 2.8875 ± 0.0016, 2.8837 ± 0.0026, 2.8785 ± 0.0016 and 2.8764 ± 0.0022 Å, respectively. That is, the lattice parameter of the supercells decreases gradually with more Cu occupying the Al sublattice and more Fe occupying the Ni sublattice, supporting the above statement about the lattice mismatch minimization via the sublattice occupancy. As the precipitation reaction proceeds, the Cu concentration in the NiAl nanoparticles shows a significant decrease with aging time, from ~26.35 ± 4.33 at.% at 7.5 min. to ~6.32 ± 2.01 at.% at 120 min. Also, the position of the Cu concentration peak moves from near the center of the NiAl-based nanoparticles to near the NiAl-based particle/matrix interface, suggesting a substantial rejection of Cu atoms outwards from the NiAl-based nanoparticles. The rejection of Cu solutes from the NiAl-based particles can be explained by the positive heat of mixing of the Cu-Ni pair (+ 4 kJ/mol) as the driving force for phase separation 39 . As the equilibrium solubility of Cu in the α -Fe phase is negligibly small (~0.15 wt.% at 550 °C), even smaller than that in the NiAl phase, it is unlikely that the Cu atoms, being rejected outwards from the NiAl-based particles, have any chance to be released back into the supersaturated solid-solution matrix because no increase of Cu concentration in the matrix is detected by APT. Instead, these Cu atoms, being rejected from the (Ni,Fe)(Al,Mn,Cu) particles, are favorable to diffuse into the Cu-rich particles, either by entering the existing Cu-rich particles adjacent to the NiAl-based particles or forming new Cu-rich particles near the NiAl-based particle/matrix interface. An example of the heterogeneous precipitation of a new Cu-rich particle from the NiAl-based particles is shown in Fig. 2g (the right one labeled by the green arrow). The fine Cu-rich particle, partially encased by the NiAl-based particle, contains relatively larger amounts of Ni and Al, as compared with the coarse Cu-rich particle (the left one labeled by the green arrow in Fig. 2g ) in this condition, indicating this fine Cu-rich particle is formed by the rejection of Cu solutes from the NiAl-based particles. Therefore, the partitioning of Cu atoms into the Cu-rich particles have two sources in the later stages of precipitation; one is the diffusion of Cu atoms from the supersaturated solid-solution matrix and the other is the rejection of Cu solutes from the NiAl-based particles. From the above, the synergistic alloying effects in the NiAl-based precipitation can be summarized as follows: Cu atoms, enriched in the NiAl-type nanoparticles at the early stage of precipitation, can effectively reduce the strain energy of the NiAl-type particles. As the precipitation reaction proceeds, the Cu atoms, being rejected from the NiAl-based particles, would diffuse into the Cu-rich particles, acting as an atom source for the Cu-rich precipitation in addition to the supersaturated solid-solution matrix.
Secondly, the mechanism of the Cu-rich precipitation and its effect on the NiAl-based precipitation at a later stage are discussed. The Cu concentration in the Fe-2.5Cu-5Ni-1Al-3Mn alloy is approximately 16 times higher than the solubility limit of Cu in the α -Fe, resulting in a high chemical driving force for the Cu-rich precipitation. Interestingly, Ni and Al atoms are also initially enriched in the Cu-rich nanoparticles at 7.5 min. (8.90 ± 1.13 and 7.54 ± 2.49 at.%, respectively), but the majority of these two elements are then rejected to the Cu-rich particle/ matrix interface after aging for 30 min. The rejection of the Ni and Al atoms outwards from the Cu-rich nanoparticles can be explained by the heat of mixing between these elements. The mixing enthalpy for the Ni-Cu pair is positive (+ 4 kJ/mol), indicating a tendency to solute rejection between them, while that for the Ni-Al pair is large negative (− 21 kJ/mol), indicating a tendency to solute attraction between them 39 . Therefore, the co-segregation of Ni and Al at the Cu-rich particle/matrix interface can be observed. It should be pointed out that the segregation of Ni and Al atoms at the Cu-rich particle/matrix interface is initiated from not only the rejection of the two elements from the center of the Cu-rich particles but also the diffusion of the two elements from the supersaturated solid solution matrix. The beneficial effects of the interfacial segregation of Ni and Al can be twofold. First, it has been found that the interfacial segregation of Ni and Al can effective reduce the interfacial energy of the Cu-rich particles, thereby significantly promoting the Cu-rich precipitation [5] [6] [7] [8] [16] [17] [18] [19] [20] [21] . Second, the enrichment of Ni and Al at the Cu-rich particle/matrix interface can lead to the heterogeneous nucleation of NiAl-based particles. At the early stage of precipitation, a large amount of NiAl particles with a radius less than 1 nm are located at the Cu-rich particle/matrix interface, suggesting that the Cu-rich particle/matrix interface can be a preferred nucleation site for the formation of the NiAl-based particles. According to the classical nucleation theory 40 , the heterogeneous nucleation at the pre-existing interfaces has a much lower nucleation barrier as compared with the homogeneous nucleation in the matrix, and the local enrichment of Ni and Al at the Cu-rich particle/matrix interface can provide a high chemical driving force for the NiAl-based particle nucleation. Thus, the heterogeneous nucleation of NiAl-based particles at the Cu-rich particle/matrix interface is energetically favorable, allowing for a fast precipitation of NiAl-based particles, as compared with the homogeneous precipitation of NiAl-based particles. Therefore, the segregation of Ni and Al at the Cu-rich particle/matrix interface plays an important role not only in reducing the interfacial energy of the Cu-rich particles but also in promoting the heterogeneous nucleation of the NiAl-based particles.
Based on all the above discussion on the nucleation and evolution of the Cu-rich and NiAl-based nanoparticles, the mechanism of the Cu-rich and NiAl-based precipitation processes can be summarized, and the two types of precipitation pathways, i.e., "supersaturated solid solution → Cu-rich particles → Cu-rich particles + NiAl-based particles" "supersaturated solid solution → NiAl-based particles → NiAl-based particles + Cu-rich particles" are schematically illustrated in Fig. 6 . In the first type of pathway (the upper one in Fig. 6 ), the Cu-rich particles, enriched in Cu together with a considerable amount of Ni and Al, nucleate first from the supersaturated solid solution. As the particles grow, both Ni and Al tend to segregate at the Cu-rich particle/ matrix interface, and their enrichment leads to the heterogeneous precipitation of NiAl-based particles at the Cu-rich particle/matrix interface, thereby forming the Cu/NiAl co-precipitates. In the second type of pathway (the lower one in Fig. 6 ), the NiAl-based particles, enriched in Ni and Al together with a significant amount of Cu, nucleate first from the supersaturated solid solution. As the precipitation reaction proceeds, the first formation of the NiAl-based particles leads to the rejection of Cu solutes outwards from the NiAl-based particles, which results in the heterogeneous precipitation of Cu-rich particles on the outer surface of the NiAl-based particles, also forming the Cu/NiAl co-precipitates.
Finally, the implications of the group precipitation of Cu-rich and NiAl-based nanoparticles on the hardening effects and alloy design of high-strength Fe-based alloys are discussed. Since the degree of nanoparticle strengthening is strongly dependent upon the type, size and number density of the particles, the processes of the Cu-rich and NiAl-bases precipitation have to be controlled in order to obtain the desired properties. One benefit of the group precipitation of Cu-rich and NiAl-based nanoparticles is the acceleration of the age hardening kinetics. As illustrated in Fig. 6 , the first formation of Cu-rich particles would promote the precipitation of NiAl due to the segregation of Ni and Al at the Cu-rich particle/matrix interface, while the first formation of NiAl-based particles would also promote the precipitation of Cu-rich particles by rejecting Cu outward from the NiAl-based particles. Thus, the unusual co-existence of the two types of precipitation pathways, i.e., "supersaturated solid solution → Cu-rich particles → Cu-rich particles + NiAl-based particles" and "supersaturated solid solution → NiAl-based particles → NiAl-based particles + Cu-rich particles", can lead to the formation of extremely high number densities of both Cu-rich and NiAl-based particles within a relatively short time. For example, the hardness of the Fe-2.5Cu-5Ni-1Al-3Mn alloy is close to its peak hardness after aging for 7.5 min., while that of the Fe-5Ni-1Al-3Mn alloy without any Cu additions can only reach half of its peak hardness in the same aging condition. The shortening of the aging time due to the group precipitation is of a great practical relevance and a distinctive cost advantage from the view of materials processing. Another benefit of the group precipitation of Cu-rich and NiAl-based nanoparticles is the ability to balance the materials properties with cost. Although the ordered NiAl-based nanoparticles with a high ordering energy [41] [42] [43] have a higher strengthening efficiency than the soft Cu-rich nanoparticles, the cost of Ni is much higher than that of Cu. A proper combination of strengthening from Cu-rich and NiAl-based particles can lead to the development of ultra-high strength steels with a relatively low Ni content [28] [29] [30] [31] [32] , as compared with the maraging steels (e.g., Fe-5Co-19Ni-1Al-5Mo-1Cr, wt.%) hardened only by NiAl-based particles 44 . It should be pointed out, however, that the group precipitation of Cu-rich and NiAl-based nanoparticles is not always the most appropriate strategy to strengthen alloys. One unusual but interesting phenomenon of the group precipitation approach is the development of the insufficient thermal stability of the co-precipitates. As shown in Fig. 1c , the Fe-2.5Cu-5Ni-1Al-3Mn alloy overages faster than the Fe-5Ni-1Al-3Mn alloy hardened only by the NiAl-based nanoparticles. The possible reason for the fast coarsening of the co-precipitates may be due to the solute transfer between the Cu-rich and NiAl-based particles. The proximity histograms in Fig. 4a show that as the precipitation proceeds, both Ni and Al are rejected outwards from the Cu-rich particles and enriched at the Cu-rich particle/matrix interface. These Ni and Al atoms can directly be incorporated in the NiAl-based particles adjacent to the Cu-rich particles, thereby increasing the size of the NiAl-based particles and accelerating their coarsening rate. The thermal stability of nanostructures is practically important for the design of high-strength materials for elevated temperature and irradiation applications [2] [3] [4] 45, 46 . The aging profiles in Fig. 1c indicate that the NiAl-based particles, rather than the Cu/NiAl co-precipitates, may be a good choice for strengthening at elevated-temperatures, and some successful applications of NiAl-based nanoparticles in ferritic superalloys have been reported recently 3, 24, 25 . By illustrating the above key factors governing the age hardening kinetics and hardening response, the present study provides useful guidelines for the development of Fe-based high-strength alloys using the Cu-rich and NiAl-based particles hardening.
In summary, the synergistic alloying effects on the group precipitation and age hardening of the Cu-rich and NiAl-based nanoparticles were thoroughly studied by APT together with both first-principles and thermodynamic calculations. Two types of interesting but complex group precipitation processes of nanoparticles containing mainly Cu, Ni and Al atoms are observed. One is the homogeneous Cu-rich precipitation, followed by the heterogeneous NiAl-based precipitation adjacent to the Cu-rich particles due to the interfacial segregation of Ni and Al atoms, and the other is the homogeneous NiAl-based precipitation, followed by the heterogeneous Cu-rich precipitation adjacent to the NiAl-based particles due to the rejection of Cu solutes. The unusual co-existence of the two types of precipitation pathways and the synergistic alloying effects significantly accelerate the age hardening kinetics and ultimately enhance the hardening response as compared with the single particle type of strengthening, therefore providing an effective approach for strengthening materials for structural applications. This finding not only provides new insights into the understanding of the nanoscale group precipitation and strengthening mechanisms in Fe-based alloys, but also has important implications in designing advanced high-strength alloys by engineering the nanostructural features.
Methods
The alloys were prepared by arc-melting a mixture of commercially pure metals (purity > 99.8 wt.%) in a Ti-gettered high-purity argon atmosphere. Repeated melting was performed at least five times to improve the chemical homogeneity of the alloy. The melted alloys were then drop-cast into a copper mold with dimensions of 50 × 15 × 6 mm. The resulting plates were cold rolled by multiple passes with a total reduction of ~66% and solution-treated for 30 min. at 900 °C, followed by water quenching, and then aged isothermally at 550 °C for various periods of time up to 32 h for precipitation reactions. Hardness measurements were conducted using a Vickers hardness tester with a load of 2 N for 15 s, and for each specimen, at least 8 indents were measured to obtain an average value.
The needle-shaped specimens for APT were fabricated by a combination of standard electropolishing methods followed by an annular mill in a FEI Nova 200 focused-ion beam/scanning electron microscope 20 . The APT characterizations were performed in a CAMECA Instruments LEAP 4000× HR local electrode atom probe. The specimen were analyzed in voltage mode with a specimen temperature of 50 K, a pulse repetition rate of 200 kHz, a pulse fraction of 0.2, and an ion collection rate of between 0.5% and 1% ions per field evaporation pulse. Imago Visualization and Analysis Software version 3.6.6 was used for three-dimensional reconstruction, composition analyses, and the creation of isoconcentration surfaces.
Equilibrium solubility were calculated using the software Thermo-Calc 3.0.1, together with an Fe-based database (TCFE7). The first-principles calculations were based on the density functional theory implemented in the Vienna ab initio Simulation Package (VASP) 47, 48 . Projector augmented wave (PAW) 49, 50 potential and the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof 51 were used to describe the coulomb interaction of ion cores with the valence electrons and the electronic exchange and correlation, respectively. Three-dimensional 54-atom periodic supercells with 3 × 3 × 3 unit cells were used to determine the total energies, with a plane-wave energy cutoff of 400 eV and 3 × 3 × 3 Γ -centered Monkhorst-Pack grids 52 . Equilibrium cell volumes and all internal atomic positions of the supercells were fully relaxed until convergence with the total energy tolerance of 10 −4 eV.
